Metal-insulator (CoFeB)x(LiNbO3)100−x nanocomposite films with different content of the ferromagnetic (FM) phase x are investigated by ferromagnetic resonance (FMR) technique. A strong change of the FMR line shape is observed in the vicinity of metal-insulator transition (MIT) of the film, where the hopping-type conductivity σ modifies to the regime of a strong intergranular tunnelling, characterized by a logarithmic dependence σ(T ) at high temperatures. It is shown that below MIT, the FMR linewidth is mainly determined by the inhomogeneous distribution of the local anisotropy axes in the film plane. Above MIT, the contribution of this inhomogeneity to the line broadening decreases. At the same time, two-magnon magnetic relaxation processes begin to play a significant role in the formation of the linewidth. The observed behaviour indicates the critical role of interparticle exchange in the tunnelling regime above MIT of the nanocomposite.
I. INTRODUCTION
For many decades granular magnetic systems have attracted attention due to peculiar physical properties as well as various applications [1, 2] . Granular (CoFeB) x (LiNbO 3 ) 100−x metal-insulator nanocomposite (NC) was recently proposed as promising material for realizing resistive switching memory elements (memristors) for potential applications in neuromorfic networks [3, 4] . The ion beam sputtered films of such NC demonstrate an interesting structural special feature: the CoFeB metallic FM phase has a tendency to form essentially nonspherical granules inside the LiNbO insulator matrix. The FM particles have the shape of short nanowires elongated in the direction of the film growth (see Fig. 1 (a) and Ref. [5] ). The metal-insulator transition (MIT) in such NC was estimated as x c ≈ 43 at.%. Recently it was found that the perpendicular surface magnetic anisotropy of the CoFeB granules greatly affects the magnetic properties of this NC [6] .
Studies of magnetization dynamics in metal-insulator NCs attract attention from both fundamental and applied points of view. The possibility to combine high resistivity and high magnetic permeability in granular systems makes them interesting for applications in highfrequency devices. On the other hand, such structures are suitable objects to investigate the influence of individual particles parameters and interparticle interactions on dynamical characteristics of the system, in particular, magnetic relaxation mechanisms.
In this work, the granular films of NC (CoFeB) x (LiNbO 3 ) 100−x are investigated by ferro- * drovosekov@kapitza.ras.ru magnetic resonance (FMR) technique. We study the behavior of the FMR linewidth for films with different concentrations of FM phase below and above MIT x c ≈ 43 at.% to shed light upon the role of interparticle interactions in magnetic relaxation mechanisms.
Note that the temperature dependence of the electrical conductivity on the metallic side of MIT (x = 44 − 48 at.%) in these NCs is well described by a logarithmic law at T ≈ 10 − 200 K [3] . This law is not connected with the dimension of the system and the weaklocalization-induced quantum correction, but it can be explained by the renormalization of the Coulomb interaction, which affects the probability of electron tunnelling between granules [2, 7] . Formally, this case corresponds to the array of granules with a strong tunnel coupling between them [2, 7] . Below we present results of studies of FMR features in the magnetic granular systems in this interesting range of metal content near MIT.
II. SAMPLES AND EXPERIMENTAL DETAILS
The NC (CoFeB) x (LiNbO 3 ) 100−x films with different content of FM phase x = 27 − 48 at.% were produced by the ion-beam sputtering onto glass-ceramic substrates using the composite targets of the parent metallic alloy Co 40 Fe 40 B 20 and LiNbO 3 stripes placed onto the metal surface. The thickness of the sputtered films was about d ∼ 760 nm. The structural features of the samples were studied by transmission electron microscopy (TEM). The films consisted of the crystalline CoFeB granules, embedded into the amorphous matrix, with the in-plane size of 2-4 nm and elongated in the direction of NC growth up to 10-15 nm (see Fig. 1 (a) and Refs. [3, 5] for details of samples preparation and structural characterization). [5] ). b) Experimental geometry. c) Schematic representation of FM granules with random shapes. The surface anisotropy axes are shown by thin black arrows. The resulting effective anisotropy field of the granule is oriented along z-axis when the shape anisotropy is prevailing (H A⊥ ), or in xy-plane when the inhomogeneous surface anisotropy is prevailing (H A ). d) A generalized case of ellipsoidal angular distribution of local easy axes in the film.
Ferromagnetic resonance was studied at room temperature on a laboratory-developed transmission-type spectrometer operating in the frequency range 7-36 GHz. The field-sweep FMR absorption spectra were measured in magnetic fields up to 17 kOe that could be applied at arbitrary angle with respect to the film plane ( Fig. 1(b) ). The ultra-high frequency magnetic field h was oriented in the film plane perpendicular to the static field H.
III. THEORETICAL BACKGROUND

A. FMR frequency in a thin film
Ferromagnetic resonance condition for a thin FM film is defined by well known equation (see for example [8] [9] [10] )
where ω = 2πf is the frequency and γ is the gyromagnetic ratio. When the magnetic field H is applied at an angle θ H with respect to the film plane ( Fig. 1(b) ), the effective fields H 1 and H 2 are given by
where angle θ defines the static orientation of magnetization vector with respect to the film plane and 4πM eff is the effective demagnetizing field including possible contribution of perpendicular uniaxial anisotropy. The static orientation of the magnetization vector is defined by the equation
Thus, solving Eqs. (1) (2) (3) (4) , the resonance field H res can be found as a function of frequency f and angle θ H .
B. FMR linewidth. Gilbert damping
To describe the FMR linewidth we consider three mechanisms: intrinsic Gilbert damping, two-magnon scattering (TMS) and inhomogeneous line broadening [11, 12] . Approximately, their contributions to the total half-width at half-maximum (HWHM), ∆H, can be considered as additive:
The Gilbert contribution is described by equation [10] ∆H
where α is the Gilbert damping parameter [13] and Ξ is the so-called dragging function [10] . This function turns to 1 when the magnetization vector is oriented along the magnetic field (θ = θ H ), which is the case in parallel (θ H = 0 • ) and normal (θ H = 90 • ) geometries. For intermediate angles 0 • < θ H < 90 • this function is [10] :
which leads to the increase of ∆H G . According to Eq. (6), the Gilbert contribution to the linewidth is equal in parallel and normal geometries and has a linear dependence on frequency.
C. Two magnon mechanism of FMR line broadening
To describe the TMS contribution, we consider the theory of surface inhomogeneities developed by Arias, Landeros and Mills [14, 15] for ultrathin FM films. Within this theory, the TMS contribution to the linewidth is defined by expression
where Γ TMS is a cumbersome function of H and θ H and depends on the parameters of inhomogeneities (see Refs. [10, 15] ). Here, for simplicity, we will consider Γ TMS as a constant, bearing in mind that its dependence on H and θ H is relatively weak.
The special feature of the considered TMS mechanism is that it contributes to the linewidth only for sufficiently small θ < 45 • . In particular, it means that ∆H TMS = 0 in normal geometry when θ = θ H = 90 • . In parallel geometry, Eq. (8) gives approximately linear dependence of ∆H TMS on frequency [16] .
Strictly speaking, Eq. (8) is valid only for ultrathin (d 10 nm) films, while we deal with thick submicron FM films. Nevertheless, we will see that this relatively simple equation works sufficiently well in our case.
D. Inhomogeneous FMR line broadening
Fluctuations of shape and surface anisotropy of the granules may lead to inhomogeneous distribution of local anisotropy axes in the film (Fig. 1(c) ). Considering the non-spherical form of the granules, we can expect that this distribution can also be non-spherical ( Fig. 1(d) ), so that the effective anisotropy fields are different in cases when the local axis is oriented in the film plane and normal to the plane (H A and H A⊥ respectively). We estimate the inhomogeneous broadening as
where H max (n) and H min (n) are maximum and minimum resonance field, depending on the anisotropy axis orientation n. Thus, to estimate the inhomogeneous line broadening we need to find the extremal values of resonance field, depending on the easy axis direction. Such values are achieved when the easy axis is oriented either along the axis x or in the plane yz (see coordinate system in Fig. 1(b) ). In these two cases, relatively simple expressions for FMR frequencies can be obtained in a standard way. For the easy axis oriented along the axis x, we consider the simplified case of relatively large fields, so that the magnetization vector lies in the plane yz. In this case, the formula for FMR frequency has the form similar to Eq. (1):
where
The condition of static equilibrium (4) remains true in this case. In the second case, when the easy axis is oriented in the plane yz at an angle θ A with respect to the film plane, we obtain
and the static equilibrium condition (4) modifies to
The effective anisotropy field H A is connected with the angle θ A via equation
describing an ellipse in polar coordinates (H A , θ A ). Using Eqs. (10) (11) (12) (13) (14) (15) , we can numerically find the extremal values of the resonance field, depending on the orientation of the anisotropy axis. As a result, with Eq. (9), the inhomogeneous line broadening can be found as a function of frequency and orientation of the magnetic field.
IV. RESULTS AND DISCUSSION Fig. 2 shows resonance spectra for nanocomposites with different concentrations of the FM phase in two experimental geometries corresponding to parallel and perpendicular orientations of the magnetic field with respect to the film plane. We note that the position of the absorption maximum changes not very strongly for films in the investigated concentration range. The calculated effective demagnetizing field 4πM eff shows a weak monotonic increase from 4πM eff = 4.2 kOe for x = 27 at.% to 4πM eff = 5.8 kOe for x = 48 at.%. At the same time we observe a significant modification of the absorption line shape at increasing x. Samples with x = 27−34 at.%, i. e. below MIT (x c ≈ 43 at.%), show broad lines with noticeable asymmetry which is a sign of magnetic inhomogeneity of the films [17] . For samples with x = 45 − 48 at.%, i. e. above MIT, the absorption peak becomes much more narrow and symmetric, indicating a transition to homogeneous FM film. At the same time, for these samples, several additional weak narrow peaks appear in higher fields in perpendicular geometry. Fig. 3(a) demonstrates FMR spectra for the sample with x = 48 at.% obtained at different angles θ H . It is seen that the additional peaks arise only in the vicinity of normal geometry. There are two possibilities to explain the origin of these peaks. First, they can be attributed to mesoscopic CoFeB clusters which begin to form in the films above MIT. The fact that these peaks disappear in the parallel geometry may be due to a significant broadening of these lines, so that they are not distinguished from the main peak. We note, that similar behavior was reported for granular Co-SiO 2 films in [18] .
Another possible explanation of extra peaks in normal geometry is the excitation of surface resonance modes. Such modes may arise in the presence of surface anisotropy in case of quasi-homogeneous films with high content of FM phase. Similar behaviour was found, for example, for Co-SiO 2 [19, 20] and Fe-SiO 2 [21] granular films. The observation of spin-wave resonance modes was also reported in [22] for CoFeB-SiO 2 heterostructures. According to the theories by Soohoo [23] and Puszkarski [24] , the surface modes can exist in normal geometry but disappear when the magnetic field deviates from the film normal. Such behaviour is possible in case of easy-planetype surface anisotropy. Figs. 3(b,c) demonstrate resulting angular and frequency dependencies of resonance field for samples with x = 27 and 48 at.%. For both samples the behaviour of the main peak is well described by theoretical formulas (1) (2) (3) (4) . A slight discrepancy between the experiment and the theory is observed only for NC with x = 27 at.% in the region of low frequencies in normal geometry (Fig. 3(c) ). This discrepancy can be attributed to inhomogeneity of the film with low concentration of the FM phase. Indeed, in this case, the magnetic saturation is achieved only in relatively high fields, while in low fields the 4πM eff value may be reduced. The experimental data for one most pronounced narrow additional peak observed in the film with x = 48 at.% are also shown in Figs. 3(b,c) . The resulting fitted 4πM eff values for two samples are shown in Tab. 1. The gyromagnetic ratio for both samples is γ/2π ≈ 2.95 GHz/kOe which corresponds to gfactor g ≈ 2.1 typical for CoFeB alloys [25, 26] . It is interesting to note that 4πM eff value is not simply proportional to the concentration of the magnetic phase. Almost twofold decrease of concentration x leads to only about 30% decrease of the 4πM eff value. Thus, it seems that M eff is not equal to the saturation magnetization of the film M S . This fact can be explained by an additional anisotropic contribution that modifies 4πM eff as compared with the 4πM S value:
where H U is effective anisotropy field. At first glance, there is an obvious reason for the additional anisotropic contribution due to the shape anisotropy of individual granules. According to the results by Dubowik [27] in this case, H U would be
where M p is the magnetization of the particle and ∆N p = N p ⊥ − N p is the difference between its demagnetizing factors for the normal and in-plane directions. Taking into account that the granules are elongated in the direction of the film normal, we would expect a negative sign of ∆N p ≈ −2π. Thus, the decreasing concentration x should lead to more rapid decrease of 4πM eff . This contradiction with the experiment suggests the presence of another easy-plane-type anisotropic contribution. The most probable origin of such anisotropy is the perpendicular surface anisotropy of the granules [6] leading to preferable orientation of their magnetic moments in the film plane (this effect is illustrated schematically in Fig. 1(c) ). This induced easy-plane anisotropy prevails at low concentrations x, while for higher x, it is suppressed by FM exchange between the granules [28] initiating magnetic homogenization of the film.
The role of granules anisotropies and interparticle interactions becomes more clear while comparing the behaviour of the FMR linewidth ∆H in films with x = 27 and 48 at.%. Fig. 3(d) shows the frequency dependen-cies of the linewidth for two samples in parallel and normal geometries (in case of x = 48 at.%, we analyse only the main absorption peak). The film with x = 27 at.% demonstrates approximately linear dependencies ∆H(f ) in both geometries with about the same weak slope and large zero-frequency offset ∆H(0). Such behaviour is typical for the case of inhomogeneous broadening with a weak contribution of the Gilbert damping mechanism [26] . Another situation is observed for the sample with x = 48 at.%. In this case, ∆H is constant in normal geometry but demonstrates increasing frequency dependence in parallel geometry. Such behaviour is typical for the TMS damping mechanism [29, 30] . Fig. 3(e) shows the angular dependencies of the linewidth for two samples. Here again, we clearly see qualitatively different behaviour of the curves ∆H(θ H ) for films with different concentration x. The sample with x = 48 at.% demonstrates well defined plateau on the ∆H(θ H ) dependence in the vicinity of θ H = 90 • , which is a signature of the TMS mechanism of the FMR line broadening. The absence of such plateau for the sample with x = 27 at.% suggests that other mechanisms are prevailing.
Solid lines in Figs. 3(d,e) show the approximation of the experimental data, using the formalism described above in theoretical section. The fitting parameters are summarized in Tab. 1. As it may be seen, we achieved a good correspondence between the experiment and the model. In agreement with our qualitative analysis, the behaviour of the linewidth for the film with low x = 27 at.% is well described, considering inhomogeneous distribution of local anisotropy axes. We note (see Tab. 1) that the in-plane anisotropy fluctuations H A are about 3 times larger than the fluctuations of the normal component H A⊥ . In other words, the local anisotropy axes have a tendency to orient in the film plane. This result is difficult to explain, considering only the fluctuations of the granules shapes, because in this case we would expect H A⊥ ≫ H A . Thus, we suppose that the in-plane distribution of the anisotropy axes may arise from fluctuations of the surface anisotropy of the granules (see Fig. 1(c) ).
For the sample with x = 48 at.% the H A value is strongly reduced but, instead, the TMS contribution arises. These effects can be explained by increasing FM exchange between the granules and their coalescence leading to suppression of individual particles anisotropies and formation of quasi-homogeneous FM film.
It is interesting to note the difference of the Gilbert damping for the investigated films. For the sample with x = 27 at.%, we found the Gilbert parameter α ≈ 0.018. This value is close to the results of other authors for ultrathin (nanoscale) Co 40 Fe 40 B 20 films [25, 26] . For the film with x = 48 at.%, the linewidth in normal geometry is frequency independent within the experimental accuracy. It means that the Gilbert parameter is much smaller for this sample, and can not be determined from our experiment. We note that the low values of Gilbert damping ≈ 0.004 were reported for bulk Co 40 Fe 40 B 20 films [29] .
V. CONCLUSION
We have studied the evolution of the position and shape of the FMR absorption peak with increasing content of the FM phase in (CoFeB) x (LiNbO 3 ) 100−x granular metal-insulator films. It is shown that in the investigated range of concentrations x = 27 − 48 at.%, the inhomogeneity driven mechanisms of the FMR line broadening are prevailing, while the intrinsic Gilbert damping contribution is small or negligible. In the limit of low x, the FMR spectrum can be described in terms of resonance of independent FM granules with random distribution of easy-axis anisotropies. We note that the perpendicular surface anisotropy of the granules plays an important role in formation of this distribution. At high x, the FMR linewidth is mainly determined by two magnon scattering processes.
The crossover between different relaxation regimes occurs at concentrations around x ≈ 40 at.% which is close to the metal-insulator transition in the investigated nanocomposite (x c ≈ 43 at.%). This crossover is clearly due to a critical change of interparticle exchange interactions. For x ≪ x c , these interactions are negligible as compared with granules anisotropies, while at x > x c an opposite situation takes place. In the latter case, a strong tunnel coupling between the granules initiates a formation of quasi-homogeneous ferromagnetic film. We note that the existence of such coupling in films with x = 44 − 48 at.% is confirmed by the logarithmic temperature dependence of their conductivity [3] .
